This article reviews the pathogenic mechanism of nonsteroidal anti-inflammatory drug (NSAID)-induced gastric damage, focusing on the relation between cyclooxygenase (COX) inhibition and various functional events. NSAIDs, such as indomethacin, at a dose that inhibits prostaglandin (PG) production, enhance gastric motility, resulting in an increase in mucosal permeability, neutrophil infiltration and oxyradical production, and eventually producing gastric lesions. These lesions are prevented by pretreatment with PGE2 and antisecretory drugs, and also via an atropine-sensitive mechanism, not related to antisecretory action. Although neither rofecoxib (a selective COX-2 inhibitor) nor SC-560 (a selective COX-1 inhibitor) alone damages the stomach, the combined administration of these drugs provokes gastric lesions. SC-560, but not rofecoxib, decreases prostaglandin E2 (PGE2) production and causes gastric hypermotility and an increase in mucosal permeability. COX-2 mRNA is expressed in the stomach after administration of indomethacin and SC-560 but not rofecoxib. The up-regulation of indomethacin-induced COX-2 expression is prevented by atropine at a dose that inhibits gastric hypermotility. In addition, selective COX-2 inhibitors have deleterious influences on the stomach when COX-2 is overexpressed under various conditions, including adrenalectomy, arthritis, and Helicobacter pylori -infection. In summary, gastric hypermotility plays a primary role in the pathogenesis of NSAID-induced gastric damage, and the response, causally related with PG deficiency due to COX-1 inhibition, occurs prior to other pathogenic events such as increased mucosal permeability; and the ulcerogenic properties of NSAIDs require the inhibition of both COX-1 and COX-2, the inhibition of COX-1 upregulates COX-2 expression in association with gastric hypermotility, and PGs produced by COX-2 counteract the deleterious effect of COX-1 inhibition. 
Abstract
This article reviews the pathogenic mechanism of nonsteroidal anti-inflammatory drug (NSAID)-induced gastric damage, focusing on the relation between cyclooxygenase (COX) inhibition and various functional events. NSAIDs, such as indomethacin, at a dose that inhibits prostaglandin (PG) production, enhance gastric motility, resulting in an increase in mucosal permeability, neutrophil infiltration and oxyradical production, and eventually producing gastric lesions. These lesions are prevented by pretreatment with PGE2 and antisecretory drugs, and also via an atropine-sensitive mechanism, not related to antisecretory action. Although neither rofecoxib (a selective COX-2 inhibitor) nor SC-560 (a selective COX-1 inhibitor) alone damages the stomach, the combined administration of these drugs provokes gastric lesions. SC-560, but not rofecoxib, decreases prostaglandin E2 (PGE2) production and causes gastric hypermotility and an increase in mucosal permeability. COX-2 mRNA is expressed in the stomach after administration of indomethacin and SC-560 but not rofecoxib. The up-regulation of indomethacin-induced COX-2 expression is prevented by atropine at a dose that inhibits gastric hypermotility. In addition, selective COX-2 inhibitors have deleterious influences on the stomach when COX-2 is overexpressed under various conditions, including adrenalectomy, arthritis, and Helicobacter pylori -infection. In summary, gastric hypermotility plays a primary role in the pathogenesis of NSAID-induced gastric damage, and the response, causally related with PG deficiency due to COX-1 inhibition, occurs prior to other pathogenic events such as increased mucosal permeability; and the ulcerogenic properties of NSAIDs require the inhibition of both COX-1 and COX-2, the inhibition of COX-1 upregulates COX-2 expression in association with gastric hypermotility, and PGs produced by COX-2 counteract the deleterious effect of COX-1 inhibition.
INTRODUCTION
Non-steroidal anti-inflammatory drugs (NSAIDs) are frequently used to treat inflammatory pain. A major limitation to their use, however, is the adverse reaction they cause to the gastrointestinal (GI) tract, including the formation of gastric lesions, the potentiation of ulcerogenic responses to stress, and the impairment of gastric ulcer healing [1] [2] [3] [4] . Concerning the mechanism of NSAIDinduced gastric damage, prostaglandin (PG) deficiency is of prime importance to the gastric ulcerogenic response to NSAIDs, yet it has proven to be more complicated than expected and involves multiple, closely interacting elements, including hypermotility, neutrophils, free radicals, and so on [1, [5] [6] [7] [8] [9] [10] [11] [12] [13] . The PG deficiency caused by NSAIDs is due to the inhibition of cyclooxygenase (COX). COX exists in two isozymes, COX-1 and COX-2; the former is constitutively expressed in various tissues, including the stomach, while the latter appears to be expressed in most tissues in response to growth factors and cytokines [14, 15] . This tissue specificity of the COX isozymes has led to the idea that COX-1 is critical for housekeeping actions in the GI mucosa, whereas COX-2 functions under pathological conditions such as inflammation. Indeed, it has been reported that the gastric ulcerogenic properties of NSAIDs are due to the inhibition of COX-1, but not COX-2 [16] . However, studies using selective COX-1 and COX-2 inhibitors demonstrated that the GI ulcerogenic effects of NSAIDs are not accounted for solely by inhibition of COX-1, but require inhibition of COX-2 as well [17] [18] [19] [20] [21] . It has also been shown that inhibition of COX-1 upregulated COX-2 expression in the GI mucosa, and PGs produced by COX-2 may help maintain the mucosal integrity when there is a deficiency of PGs due to COX-1 inhibition [18, 20, 21] . This idea was supported by the finding that the selective COX-2 inhibitor by itself damaged the gastric mucosa when the expression of COX-2 was upregulated in the stomach of rats subjected to adrenalectomy (glucocorticoid deficiency) or induction of adjuvant arthritis or Helicobacter pylori (H. pylori) infection [22] [23] [24] . In this article, we reviewed the pathogenesis of NSA-ID-induced gastric damage, mainly based on our own publications, including the roles of functional events, particularly, gastric hypermotility, as well as the influences of arthritis and H. pylori infection, and discussed the relation between COX-1 or COX-2 inhibition and pathogenic elements such as gastric motility and neutrophil infiltration.
GENERAL ASPECTS OF NSAID-INDUCED GASTRIC DAMAGE

Relation to PG deficiency
There is no doubt that a deficiency of endogenous PG is a background factor in NSAID-induced gastric ulceration. Indeed, when various NSAIDs, such as indomethacin (30 mg/kg), flurbiprofen (20 mg/kg), naproxen (40 mg/kg), dicrofenac (40 mg/kg) and aspirin (200 mg/kg), were administered to rats subcutaneously, all of these agents, except aspirin, produced damage in the stomach at doses that significantly decreased the mucosal prostaglandin E2 (PGE (PGE PGE2) concentration [18, 19] (Figure 1 ). Characteristically, the damage was observed along the long axis of the stomach and consisted mostly of hemorrhagic lesions, with a few non-hemorrhagic lesions. Interestingly, aspirin given subcutaneously did not produce any damage, despite inhibiting PG production as effectively as other NSAIDs [18, 25] . Notwithstanding, it is assumed that PG deficiency is causally related to the gastric ulcerogenic action of NSAIDs, but this factor alone is not sufficient for the development of gastric lesions. The reason why parenterally administered aspirin does not cause gastric damage will be discussed in another section of this article.
Effect of various drugs
The development of gastric lesions in response to indomethacin was inhibited by prior administration of PGE2. These lesions were also prevented by antisecretory drugs such as cimetidine, omeprazole and atropine [6, 26, 27] , confirming the importance of luminal acid in the pathogenesis of these lesions. Of interest, since atropine was effective even when 150 mmol of HCl was applied to the lumen, it is assumed that this protective action is not associated with the antisecretory effect and initiated by factors other than inhibition of acid secretion (Figure 2 ). Neither cimetidine nor omeprazole was effective against indomethacin-induced gastric damage in the presence of exogenous acid. In addition, anti-neutrophil antiserum also reduced the severity of these lesions, but much less effectively than other agents [28] . Pretreatment with both atropine and dmPGE2 significantly inhibited the development of gastric lesions at all time points during a 4 h-test period following administration of indomethacin. By contrast, the anti-neutrophil antiserum did not affect the onset but significantly reduced the severity of lesions at 4 h after indomethacin treatment. It is assumed that the gastric ulcerogenic response to indomethacin is prevented by supplementation with PGE2 and inhibition of acid secretion as well as an atropine-sensitive mechanism, not related to the antisecretory action. Neutrophils do not play a role in the onset of these lesions but may be involved in the later extension of the damage. Suematsu et al [29] recently reported that the severity of gastric lesions produced by indomethacin was worse in mice lacking heat shock factor 1 (HSF1), a transcription factor for HSP genes, than in control mice, while these lesions were ameliorated in transgenic mice expressing HSP70. They suggested that expression of HSP70 ameliorates indomethacin-induced gastric damage by affecting mucosal apoptosis, probably via the activation of Bax.
Functional alterations involved in pathogenesis
Gastric hypermotility: Mersereau et al [7] first emphasized the importance of stomach hypermotility and mucosal foldings in the genesis of gastric lesions in response to phenylbutazone. As expected, all NSAIDs, except aspirin, increased gastric motility at ulcerogenic doses, leading to the development of gastric lesions [19] (Figure 3 ). Gastric hypermotility causes microvascular disturbances, especially at specific sites on mucosal foldings, leading to various events including neutrophil-endothelial interaction. Garrick et al [30] reported that high-amplitude contractions during cold-restraint stress resulted in a temporal restriction of mucosal blood flow and lowered the mucosal resistance to injury. The gastric damage induced by indomethacin occurred linearly along the long axis of the stomach, and microscopically, was seen at the top or the bottom of mucosal foldings, the sites most influenced by mucosal compression due to contraction of the stomach, where mucosal blood flow is restricted, leading to microvascular disturbances ( Figure 4A and B). The inhibition of gastric motility may lead to a flattening of the mucosal foldings and a decrease in microvascular disturbances, resulting in prevention of the fold-related band-like lesions, as observed after the administration of indomethacin [6, 10, 26, 31] . A role for muscle elements in the pathogenic mechanism of gastric ulceration has been demonstrated [6, 10, [31] [32] [33] . Yamaguchi et al [32] monitored gastric mucosal hemodynamics and motility simultaneously and found oscillatory changes in the hemodynamics during gastric hypermotility induced by water-immersion stress. We also found that indomethacin caused oscillatory changes in mucosal blood flow associated with hypermotility of the stomach, and such blood flow changes were prevented when the hypermotility was inhibited by atropine [10] (Figure 4C ). It is assumed that indomethacin induces the sequential events in the early stage of lesion formation in the stomach during hypermotility; the microcirculatory disturbances due to abnormal compression of the gastric wall, followed by increased vascular permeability, leading to cellular damage [10, 33] . Anyway, the indomethacininduced gastric hypermotility was inhibited by both atropine and PGE2 but not by either omeprazole or the anti-neutrophil antiserum [6, 10] . Since atropine prevented indomethacin-induced gastric damage, even in the presence of exogenous acid [26] , the inhibitory effect on gastric hypermotility may account for the protective action of this agent. In addition, indomethacin caused oxyradical production and lipid peroxidation in the gastric mucosa, probably resulting from the ischemic-reperfusion changes due to rhythmic hypercontraction of the stomach [10] . Certainly, these changes were prevented by atropine, again confirming an importance of gastric hypermotility. At present, the exact mechanism by which NSAIDs cause gastric hypermotility remains unknown. However, it is assumed that indomethacin-induced gastric hypermotility is mediated by a vagal-cholinergic mechanism, involving a glycoprivic response [6, 31] . Neutrophils: Neutrophils have been implicated in the damage associated with NSAIDs [35] . These cells are recruited to a site of injury by chemotaxins and participate in amplifying the inflammatory response. Many studies including ours have shown that indomethacin-induced gastric damage could be prevented by an anti-neutrophil antiserum or monoclonal antibody against the CD18 adhesion molecule [13, 34, 35] . However, there have been few studies showing the less importance of neutrophils in NSAID-induced gastric damage [36, 37] . Trevethick et al [36] reported that neutrophil infiltration does not contribute to the ulcerogenic effects of indomethacin in the rat gastric mucosa. Similarly, Melange et al [37] showed that neutropenia does not prevent indomethacin-induced gastrointestinal damage in rats. Santucci et al [38] even showed that 
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Figure 4 Macro-and microscopical observations of gastric lesions induced by indomethacin in rats (A and B) and simultaneous recordings of gastric motility and mucosal blood flow in the rat before and after administration of indomethacin (C). A, B:
The animals were given indomethacin (25 mg/kg, s.c.), and the stomachs were excised 4 h later. Note that the lesions were located, in most cases, on the upper part of the mucosal folds (arrow) and in some cases at the base of the folds (arrows); C: Indomethacin (25 mg/kg, s.c.) was given, while atropine (1 mg/kg, s.c.) was given 1 h after indomethacin treatment. Note that during hypermotility states the mucosal blood flow repeated a decrease and an increase, respectively, corresponding to contraction and relaxation of the stomach wall (data from refs. 8 and 33 after modification). GMBF: Gastric mucosal blood flow. granulocyte colony stimulating factor, though it markedly increased myeloperoxidase (MPO) activity, significantly prevented gastric lesions from forming, suggesting no relationship between MPO activity and the ulcerogenic response to indomethacin. A study by Morise et al [34] also showed that indomethacin provoked the development of gastric lesions even in CD18, intercellular adhesion molecule 1, or P-selectin-deficient mice, the degree of severity being about 70% of that in wild-type mice. We reported that the anti-neutrophil antiserum caused a significant inhibition of indomethacin-induced gastric damage, yet the degree of inhibition was much less than that shown by atropine or dmPGE2 [28] ( Figure 5 ). Furthermore, it was shown that the anti-neutrophil antiserum did not prevent the onset of damage until 3 h after indomethacin treatment and significantly reduced the severity of damage 4 h later. These results suggest that the neutralization of neutrophils itself is not sufficient to prevent the onset of damage but reduces the overall expression of gastric lesions in response to indomethacin. Anthony et al [32] examined the sequence of histological changes in the rat stomach after indomethacin treatment and identified an early phase of injury that involves mucosal contraction and vascular fibrin deposition but does not involve neutrophil infiltration. Thus, the neutrophil infiltration may be secondary to the events associated with gastric hypermotility, and not a primary event preceding the onset of gastric damage. Indeed, the increase in MPO activity as well as formation of lesions induced by indomethacin was prevented when the enhanced gastric motility was inhibited by atropine [28] .
PROSTAGLANDIN E RECEPTOR SUBTYPE INVOLVED IN PGE2-INDUCED PROTECTION
Although exogenous PGs, especially PGE2, prevent NSA-ID-induced gastric damage, how they do so remains unknown. We examined the effect of various prostanoids, subtype-specific prostaglandin E (EP) agonists, on the development of gastric lesions in response to indomethacin and determined which functional alteration is most closely associated with this action [39] . Such an approach would be helpful to understanding of which event(s) may be critically important to the pathogenic mechanism of NSAID-induced gastric damage.
Gastric ulcerogenic response PGE2 exhibited a potent inhibitory effect on indomethacin-induced gastric damage. This effect was mimicked by other prostanoids such as 17-phenyl PGE2 (EP1 agonist) and sulprostone (EP1/EP3 agonist) [39] ( Figure 6 ). Neither butaprost (EP2 agonist), ONO-NT-012 (EP3 agonist), nor 11-deoxy PGE1 (EP3/EP4 agonist), was effective in reducing the severity of these lesions, indicating that the activation of the EP2, EP3, and EP4 receptors does not provide gastric protection against indomethacin [39, 40] . These results strongly suggest that the protective effect of PGE2 against indomethacin-induced gastric damage is brought about by activation of the EP1 receptor. This idea is supported by the finding that the protective action of PGE2 against indomethacin was totally mitigated by prior administration of ONO-AE-829, a selective EP1 receptor antagonist. In addition, indomethacin caused gastric damage similarly in both wild-type and knockout mice lacking EP1 or EP3 receptors, yet the protective action of PGE2 was observed in wild-type and EP3-receptor knockout mice but not in mice lacking EP1 receptors. Given the above findings, it is assumed that PGE2 prevents indomethacin-induced gastric ulceration through the activation of EP1 receptors.
Gastric functional alterations
The prostanoids exhibiting a preference for the EP1 receptors inhibited gastric hypermotility and damage in response to indomethacin (Figure 7 ). These effects were antagonized by ONO-AE-829, an EP1 antagonist, strongly suggesting that the antigastric motility effect of PGE is paralleled by a reduction in gross mucosal injury of the stomach with the use of indomethacin. Both butaprost and ONO-NT-012 reportedly increased gastric mucosal blood flow [41] , yet these drugs did not provide any protection against indomethacin-induced gastric damage, suggesting that the protective action is not functionally associated with the increased mucosal blood flow.
Certainly, since inhibition of gastric motility may lead to an attenuation of microvascular disturbances due to contraction of the stomach, prostanoids acting through EP1 receptors may help maintain mucosal blood flow after the administration of indomethacin. It is assumed that the actions of PGE2 to prevent indomethacin-induced gastric damage are functionally associated with the inhibition of gastric hypermotility. The mechanism by which PGE2 inhibits gastric motility through EP1 receptors remains unknown. Milenov et al [42] reported that PGE2 relaxed the circular muscle but contracted the longitudinal muscle of the canine stomach. Narumiya and his group reported the distribution of mRNA of the EP receptors along the gastrointestinal tract [43, 44] . They found that strong signals for EP1 transcripts occurred in the smooth muscle cells in the muscularis mucosa throughout the tract. Since EP1 receptors are coupled to phosphatidyl inositol turnover [45] , it is assumed that contraction of longitudinal smooth muscle by PGE2 is associated with an increase of cytosolic calcium. Contraction of circular smooth muscle leads to the appearance of mucosal folds, which have been implicated in the pathogenesis of ulcers including indomethacin-generated gastric lesions [6] [7] [8] 10, 13] . At present, the mechanism by which PGE2 relaxes circular smooth muscle through activation of EP1 receptors still remains unclear.
It is known that PGE2 has an inhibitory effect on neutrophil functions, including chemotaxis [46] . We confirmed that PGE2 exhibited an inhibitory effect on the migration of neutrophils caused by formyl-methionyl-leucylphenylalanine in vitro [39] . The same inhibitory action was shown by both butaprost and 11-deoxy PGE1, but not by 17-phenyl PGE2, sulprostone, or ONO-NT-012, clearly indicating that the anti-neutrophil chemotaxis action of PGE2 is mediated by activation of EP2 and EP4 receptors ( Figure 8 ). Thus, it is assumed that the inhibition of neutrophil migration by itself is not sufficient to reduce the overall expression of gastric lesions in response to indomethacin. Since the increase in MPO activity as well as ulceration induced by indomethacin was prevented when the enhanced gastric motility was inhibited by atropine [13, 28, 47] , it is likely that the neutrophil infiltration is secondary to the event associated with gastric hypermotility following indomethacin treatment. As mentioned before, Melange et al [37] even showed that NSAID-induced gastric injury is neutrophil-independent in the neutropenic rats. These results strongly suggest that the protective effect of PGE2 is functionally associated with the inhibition of gastric motility, but not neutrophil infiltration.
ROLE OF COX INHIBITION IN NSAID-
INDUCED GASTRIC DAMAGE
Ulcerogenic properties of various COX inhibitors COX, the enzyme responsible for PG production, exists in two isozymes, the constitutively expressed COX-1 and the inducible COX-2 [14, 15] . NSAIDs inhibit the activity of both COX-1 and COX-2, yet it is believed that the inhibi- tion of COX-1 is critical for their ulcerogenic properties in the stomach. However, Wallace et al [17] reported that inhibition of both COX-1 and COX-2 is required for the induction of gastric lesions. This finding was confirmed in our experiment using the selective COX-1 inhibitor SC-560 and the COX-2 inhibitor rofecoxib [19, 20, 40] . As shown in Figure 9 , indomethacin at 30 mg/kg produced gastric lesions with a marked decrease in mucosal PGE2 content. As expected, the selective COX-2 inhibitor rofecoxib did not induce any damage at 30 mg/kg, with no effect on mucosal PGE2 content. Likewise, the COX-1 inhibitor SC-560 did not cause gastric damage even at 30 mg/kg, despite inhibiting PGE2 production, as effectively as indomethacin. However, these agents given together provoked damage in the stomach. In this case, when SC-560 at 10 mg/kg was given together with various doses of rofecoxib, the severity of the damage increased depending on the dose of the selective COX-2 inhibitor ( Figure 10) . Similarly, when rofecoxib at 10 mg/kg was given together with SC-560, the damage increased in a manner dependent on the dose of SC-560. These results do not support the paradigm that COX-1 but not COX-2 plays a "housekeeping" role in the stomach, and strongly suggest that inhibition of both COX-1 and COX-2 is required for the occurrence of NSAID-induced gastric injury. Langenbach et al [47] reported that the indomethacininduced gastric lesions were inhibited in animals lacking the COX-1 enzyme, casting a doubt on the role of PG/ COX-1 in the pathogenesis. However, since the inhibition of COX-1 induces the expression of COX-2 [19, 48] , it is possible that the PGs produced by COX-2 compensate for the PG deficiency in COX-1 knockout animals.
COX inhibition and various pathogenic events
The pathogenic mechanism of NSAID-induced gastric damage involves multiple functional alterations, including gastric hypermotility, microcirculatory disturbance, neutrophil activation, and microvascular permeability [5] [6] [7] [8] [9] [10] [11] [12] [13] . A marked increase in gastric motility was observed after the administration of SC-560 but not rofecoxib, although the duration of the hypermotility was short as compared with that induced by nonselective COX inhibitors, suggesting that gastric hypermotility induced by NSAIDs is associated with a PG deficiency caused by COX-1 inhibition [18] . Likewise, SC-560 but not rofecoxib increased microvascular permeability in the stomach, similar to indomethacin. These results for SC-560 are reasonable, because indomethacin at an ulcerogenic dose is known to cause microcirculatory disturbances resulting from abnormal mucosal compression of the stomach wall due to gastric hypermotility [10] . On the other hand, Wallace et al [17] reported that SC-560, but not celecoxib, decreased the gastric mucosal blood flow, suggesting a role for PGs derived from COX-1 in the maintenance of mucosal blood flow. They also showed that the selective COX-2 inhibitor celecoxib elicited neutrophil adherence in mesenteric venules, as potently as indomethacin, whereas the selective COX-1 inhibitor SC-560 did not. However, we observed that neither SC-560 nor rofecoxib alone affected MPO activity in the gastric mucosa, yet these two agents together apparently increased MPO activity to the levels comparable to those induced by indomethacin [19] . This event might be hampered by PGs derived from COX-2, probably at later stages following gastric hypermotility, since microcirculatory disturbances are known to enhance the adhesion of neutrophils to endothelial cells [13, 34] . These results strongly suggest that the inhibition of both COX-1 and COX-2 is required for enhancement of neutrophil migration in the gastric mucosa and that neutrophils may be involved in the damage process later on, but do not play a role in the onset of gastric damage induced by NSAIDs.
Upregulation of COX-2 expression
The most important event is that the expression of COX-2 mRNA was induced in the gastric mucosa after administration of NSAIDs [18, 19] ( Figure 11A ). The upregulation of COX-2 expression was similarly observed in the rat stomach after administration of SC-560 but not rofecoxib, suggesting a causal relationship between COX-1 inhibition and COX-2 expression ( Figure 11B ). We also reported the upregulation of COX-2 expression in the small intestine following administration of both indomethacin and SC-560 [20, 48, 49] . It is assumed that inhibition of COX-1 induces a PG deficiency but upregulates the expression of COX-2, which contributes to a restoration of PG production. Indeed, the mucosal PGE2 content of the stomach was markedly decreased by SC-560, yet values recovered significantly 8 h after the administration in a rofecoxib-sensitive manner [18] ( Figure 12A ). Thus, the upregulation of COX-2 expression following inhibition of COX-1 may represent a compensatory response to inhibition of PG biosynthesis and contribute to maintenance of the mucosal integrity of the stomach. This speculation is supported by the fact that combined treatment with SC-560 and rofecoxib did provoke gross damage in the stomach, and that such damage was prevented by administration of PGE2 4 h after the use of COX inhibitors [19] . The exact mechanism by which the expression of COX-2 is induced by inhibition of COX-1 remains unknown. Since the expression of COX-2 induced by indomethacin was attenuated by atropine at the dose that inhibited the gastric hypermotility [6, 21, 48] , it is possible that the upregulation of COX-2 expression is due to vascular injury caused by abnormal mucosal compression of the stomach wall during gastric hypermotility ( Figure 12B ). Indeed, atropine significantly inhibited the recovery of PGE2 levels following administration of SC-560, similar to rofecoxib [48] . Alternatively, because NSAIDs release tumor necrosis factor α (TNF-α) [38, 50] , the upregulation of COX-2 expression observed under COX-1 inhibition is mediated by TNF-α. Omeprazole had no effect on the expression of COX-2 induced by indomethacin, suggesting no role for luminal acid in this phenomenon [48] .
POTENTIATION OF NSAID-INDUCED GASTRIC DAMAGE
Adrenalectomy
Takeuchi et al [9] demonstrated that indomethacin-induced gastric damage was markedly aggravated in adrenalectomized rats and the dose required to produce lesions was decreased in these rats. Filaretova et al [22] confirmed the aggravation of NSAID-induced gastric ulceration in adrenalectomized rats (glucocorticoid-deficient conditions) and further investigated the influence of adrenalectomy on the expression of COX-2 in the stomach as well as the ulcerogenic effect of celecoxib (a selective COX-2 inhibitor) in these rat stomachs. It was found that adrenalectomy decreased plasma corticosterone levels and markedly aggravated indomethacin-induced gastric lesions. This aggravation was significantly prevented by corticosterone replacement, suggesting that glucocorticoid deficiency is the reason for the aggravation of indomethacin-induced gastric injury in adrenalectomized rats. Moreover, in adrenalectomized rats, celecoxib provoked gross damage that was prevented by corticosterone pretreatment. Mucosal PGE2 content was increased 3-fold after adrenalectomy, and this response was prevented by both celecoxib and corticosterone. COX-2 mRNA expression was up-regulated in the stomach of adrenalectomized rats, but suppressed by corticosterone replacement. It is assumed that adrenalectomy, probably via a glucocorticoid deficiency, increases PGE2 production in the stomach due to COX-2 expression, and the selective COX-2 inhibitor produces gastric lesions by suppressing this additional PG production in adrenalectomized rats. These findings also support the idea that COX-2 as well as COX-1 play a role in maintaining gastric mucosal integrity under glucocorticoid-deficient conditions.
Adjuvant arthritis
Patients with rheumatoid arthritis (RA) are reportedly more susceptible to NSAID-induced gastropathy than other NSAID users [51, 52] . This observation has been validated in arthritic rat models induced by injecting Freund's complete adjuvant into the planter region of a hindfoot, where the gastric ulcerogenic response to indomethacin was markedly aggravated in comparison with normal animals [23, 53, 54] . Since the aggravation of these lesions in arthritic rats was dependent on the degree of arthritic change, it is assumed that there is a cause-effect relationship between the systemic inflammation and the increased gastric mucosal susceptibility to indomethacin. As several studies including ours showed increased serum gastrin levels and acid secretion in arthritic rats [53, 55] , it is speculated that the increased gastric ulcerogenic response is partly attributable to hyperacidity in the stomach. However, because the aggravation of these lesions was similarly observed in arthritic rats, even in the presence of exogenous acid to mask endogenous hyperacidic conditions [53] , it is unlikely that the increased mucosal susceptibility to indomethacin in arthritic rats is associated with the increase of acid secretion. Interestingly, the aggravation of indomethacin-induced gastric damage in arthritic rats was prevented by prior administration of N G -nitro-Larginine methyl ester, a nonselective nitric oxide synthase (NOS) inhibitor, and aminoguanidine, a selective inducible NOS (iNOS) inhibitor, as well as dexamethasone, an inhibitor of iNOS mRNA transcription, although they did not affect the severity of the lesions observed in normal rats [53] . Moreover, the distinct expression of iNOS mRNA was observed in the stomach of arthritic rats, accompanied with an increase in NO production. These findings suggest that the increased ulcerogenic response to NSAIDs in arthritic rats is associated at least partly with endogenous NO, mainly produced by iNOS. It is possible that the increased susceptibility of arthritic rat stomachs to NSAIDs might be explained by production of peroxynitrite, resulting from the interaction of NO/ iNOS with superoxide radicals [56] . As mentioned, selective COX-2 inhibitors such as rofecoxib and celecoxib, even at a higher dose (100 mg/kg), did not damage the normal rat stomach [18] . However, they produced gross lesions in the stomach of arthritic rats [23] ( Figure 13A ). Moreover, PG generation in the arthritic rat stomach was significantly enhanced with a concomitant increase of COX-2 expression ( Figure 13B) . Certainly, the mucosal PG content was reduced by indomethacin in both normal and arthritic rat stomachs. In contrast, the COX-2 inhibitor rofecoxib did not affect PG generation in normal rats but significantly decreased PG content in the stomach of arthritic rats, suggesting that COX-2 activity caused the increase in PG production in arthritic rat stomachs. These findings suggest that COX-2 plays an important role in maintaining the integrity of the gastric mucosa in arthritic rats. It is possible that the increased COX-2 expression level in the stomach occur in association with inflammation or stress caused by pain. Since SC-560, a selective COX-1 inhibitor, worsened stressinduced gastric lesions [57] , SC-560 may produce hemorrhagic lesions in the stomach by potentiating the ulcerogenic response to arthritis-related stress. Further study is certainly required to verify this point.
H. pylori infection
Takahashi et al [24] examined the expression of COX proteins and production of PGE2 in the gastric mucosa during H. pylori infection. The level of COX-1 remained nearly constant during the infection. In contrast, the COX-2 protein was not found in normal mucosa or in H. pylori -infected mucosa at 2 wk, but was markedly elevated 4 wk after the infection, with a significant rise in PGE2 production. To investigate the role of COX-2 in H. pylori-induced gastritis, they also examined the effects of NSAIDs on PGE2 production and gastric pathology caused by H. pylori. NS-398 (a COX-2-selective inhibitor) at 10 mg/kg or indomethacin at 2 mg/kg was administered for 4 wk to normal and H. pylori-infected animals. NS-398 failed to inhibit PGE2 production in normal mucosa but significantly reduced the H. pylori-increased PGE2 production. In contrast, indomethacin potently inhibited PGE2 production in both normal and H. pyloriinfected mucosa. Hemorrhagic erosions, neutrophil infiltration, lymphoid follicles, and epithelium damage were induced by H. pylori infection. NS-398 and indomethacin aggravated these pathological changes, but did not increase viable H. pylori numbers. Overall, these results indicate that both COX-2 and COX-1 might play antiinflammatory roles in H. pylori-induced gastritis. Similar findings were also obtained by Tanigawa et al [58] who showed that PGE2 derived from either COX-1 or COX-2 is involved in the regulation of gastric mucosal inflammation and contributes to the maintenance of mucosal integrity during H. pylori infection via inhibition of TNF-α expression.
BIPHASIC EFFECT OF ASPIRIN
Conventional NSAIDs cause gastric damage with a concomitant decrease in mucosal PGE2 production, irrespective of the route of administration [18, 19] . However, since aspirin is not ulcerogenic in the stomach, despite that it reduces mucosal PGE2 production as effectively as other NSAIDs, it is likely that a depletion of endogenous PGs by itself is not sufficient for gastric lesions to form and other factors are required for the onset of gastric damage. However, when administered orally, aspirin damages the stomach, similar to other NSAIDs. Several studies have proposed a role for neutrophils or TNF-α in the , and the animals were killed 4 h later. Data are presented as the mean ± SE in 4-8 animals, a P < 0.05 vs the corresponding group in normal rats; B: COX-2 mRNA was not detected in the normal rats, but clearly observed in the arthritic rats on day 14 after the FCA injection, whereas COX-1 mRNA was observed in the stomach of both normal and arthritic rats. Lane 1, marker; lanes 2-4, normal rats; lanes 5-7, arthritic rats (data from ref. 23 after modification). GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.
pathogenesis of NSAID-induced gastric damage [34, 35, 50] . These events are considered to occur in relation to a decrease in PG biosynthesis in the gastric mucosa due to suppression of COX activity. However, aspirin given parenterally inhibited PGE2 production in the stomach, yet did not cause any damage in the mucosa [19] . Furthermore, salicylate reportedly inhibited TNF-α production by suppressing nuclear factor kappa B [59] . Considering all these points, we assumed that the topical irritant action of oral aspirin is most crucial in causing gastric mucosal damage.
As mentioned earlier, aspirin does not damage the stomach but shows a dose-dependent inhibition of indomethacin-induced gastric injury [24] ( Figure 14A ). This result is consistent with the finding by Robert et al [60] , who showed for the first time that aspirin provided protection against gastric damage in response to various noxious agents including indomethacin. Following the subcutaneous administration of aspirin (200 mg/kg) in rats, plasma levels of salicylate increased with time, reaching almost a plateau within 30 min, and remained elevated for more than 4 h. A small amount of aspirin was detected in the blood for the first 15 min, but it had disappeared almost totally 30 min later. As expected, since salicylate, the major metabolite of aspirin, also prevented indomethacininduced gastric damage, it is possible that the protective action of aspirin is mediated by salicylate. Interestingly, aspirin and salicylate did not increase basal gastric motility but suppressed the enhanced gastric motility following indomethacin treatment, suggesting again a relationship between the inhibition of gastric hypermotility and prevention of gastric damage ( Figure 14B ) [25] . At present, the exact mechanism by which salicylate (aspirin) suppresses the gastric hypermotility induced by indomethacin remains unknown.
Unlike other NSAIDs, COX-2's acetylation by aspirin switches eicosanoid biosynthesis from PGE2 to lipoxin A4, which exerts protective effects in the stomach. Coadministration of aspirin and a selective COX-2 inhibitor, such as celecoxib or rofecoxib, resulted in substantially more severe gastric injury than that produced with either agent alone [61, 62] . We also observed that the gastric ulcerogenic response to aspirin was significantly worsened by co-administration of rofecoxib but not SC-560 [63] . These results confirmed the importance of COX-2's inhibition in this phenomenon related to the suppression of lipoxin A4's production.
SUMMARY AND FUTURE PROSPECTS
The gastric ulcerogenic properties of NSAIDs are not accounted for solely by the inhibition of COX-1 and require the inhibition of both COX-1 and COX-2 [17] [18] [19] . This idea is supported by the finding that neither the selective COX-1 nor COX-2 inhibitor alone caused gross damage in the stomach, but the combined administration of these two inhibitors provoked the development of gastric lesions. Indomethacin caused an increase of gastric motility, microvascular permeability and MPO activity following administration of indomethacin [6, 10, 26, 28, 34, 64, 65] and showed that the former two events were due to COX-1 inhibition, but the increase of MPO activity occurred only when both COX-1 and COX-2 were inhibited [19] . On the other hand, NSAIDs up-regulate the expression of COX-2, and the PGs produced by COX-2 may suppress the neutrophil-endothelial interaction caused by the vascular disturbances due to COX-1 inhibition. These sequential events related to COX-1 and/or COX-2 inhibition explain why gastric damage occurs only when both COX-1 and COX-2 are inhibited ( Figure 15 ). It should also be noted that selective COX-2 inhibitors by themselves damage the gastric mucosa when an overexpression of COX-2 occurs in the stomach under conditions of adrenalectomy, arthritis, or H. pylori infection [22] [23] [24] . Independent of the type of NSAIDs, the users of NSAIDs should be aware of these side effects if they are 
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infected with H. pylori or have a glucocorticoid deficiency or arthritic condition. Interestingly, aspirin acts to protect against indomethacin-induced gastric damage, although this agent given p.o. damages the stomach due to its direct irritative action. The failure of aspirin to induce gastric injury may be explained, at least partly, by a protective action of salicylic acid, the metabolite of aspirin, and this action is also functionally associated with inhibition of gastric hypermotility in response to indomethacin.
There is no doubt that gastric hypermotility plays a primary role in the pathogenesis of NSAID-induced damage in the stomach [3] [4] [5] [6] [7] . This response, causally related with PG depletion due to COX-1 inhibition, occurs prior to other pathogenic events involved in NSAIDinduced gastric damage, such as microvascular disturbances and neutrophil infiltration as well as COX-2 expression [6, 10, 19, 28, 63] . However, the mechanism underlying NSAID-induced gastric hypermotility remains unknown. Since the gastric hypermotility induced by indomethacin was inhibited by atropine and vagotomy as well as intravenous glucose infusion [6, 7, 66] , it is assumed that the response occurs in association with PG deficiency caused by COX-1 inhibition and is mediated by the vagalcholinergic pathway through central glucose receptors. The upregulation of NSAID-induced COX-2 expression is functionally associated with gastric hypermotility [47] . Because atropine prevented both gastric hypermotility and COX-2 expression in response to indomethacin [21, 47] and because gastric microvascular permeability increased in association with gastric hypermotility [8, 63] , the upregulation of COX-2 expression may result from mild mucosal injury and/or vascular injury caused by gastric hypermotility. However, the cells responsible for COX-2 expression induced by COX-1 inhibition also remain to be identified. In addition, other possible actions, such as inhibition of phosphorylative oxidation, injury of mitochondrial membrane and cell apoptotic change, have been demonstrated as the cellular mechanisms of NSAID-induced gastropathy [66] [67] [68] [69] [70] , although these effects are shared by NSAIDs, including aspirin that does not cause gastric damage through parenteral administration. Further study is certainly needed to clarify these points, and these approaches should contribute to the development of gastric-sparing NSAIDs that are devoid of ulcerogenic properties.
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